In the central nervous system, AQP4 is expressed in astrocytes, ependymal cells, and retinal Müller cells, in which the protein may facilitate water fluxes accompanying potassium siphoning and may regulate water permeability at the BBB. 11, 19, 22 Within the brain, AQP4 is also expressed at the blood-brain and brain-cerebrospinal fluid interfaces. 10 At the cellular level, AQP4 is abundantly expressed in ependymal cells and astrocytes, 10 with a highly polarized distribution in glial membranes facing capillaries and pia mater. 22 Its heightened expression is also found in areas of high vascularization and in those known to be involved in osmosensation and osmoregulation of body water balance, including the subfornical organ and the supraoptic nuclei. 22, 27 From this pattern of distribution we infer the following: 1) the presence of specific domains for water transport at these sites; 2) that AQP4 plays a role in water transport between different liquid compartments of the central nervous system; and 3) that AQP4-bearing glial cells are mediators of water metabolism in the brain.
Any clinician dealing with trauma is aware of the frequent and potentially life-threatening brain edema that may follow brain injury. Data from many animal models have demonstrated the occurrence of brain edema following a controlled cortical impact. 6, 9 In these models edema has occurred over several days, but appears to peak after 24 hours. 3, 4, 9 Aquaporin-4 has been demonstrated to be upregulated following nontraumatic brain injury such as stroke or water intoxication. 27, 30 In models of brain edema produced by acute water intoxication or middle cerebral artery ligation, knock-out mice without AQP4 had a much better rate of survival and neurological outcome than their wild-type counterparts. 18 We investigated whether AQP4 was upregulated in the rat brain following a traumatic injury. We selected time points at 1 and 4 hours posttrauma as well as at 24 hours (when brain edema is known to peak 3, 4, 9 ) to determine if there was any change in the expression of AQP4.
Materials and Methods

Traumatic Brain Injury Model in Rats
Thirty-three male Wistar rats (Charles River, Montreal, QC, Canada), each weighing 250 to 280 g, were anesthetized with 60 mg/kg sodium pentobarbital (MTC Pharmaceuticals, Cambridge, ON, Canada) and positioned in a stereotactic frame. A 6-mm-diameter craniectomy was performed over the left parietal cortex, midway between the lambda and bregma. A flat 5-mm-diameter contusing device was adapted from the impact methods described by Allen  1 and Ducker   7 for spinal cord contusions. The force of the impact, expressed as weight ϫ distance dropped, was 800 g и cm with a depth of depression in the brain of 3 mm. After inducing the traumatic injury, the scalp was closed and the animals were allowed to recover while under close observation. Animals were killed at 1 (nine rats), 4 (nine rats), and 24 hours (15 rats) after trauma. An additional nine rats underwent craniectomy but no mechanical injury (sham injury) and were killed 24 hours later.
Northern Blot Analysis
Samples of brain tissue (50-100 mg) were obtained for semiquantitative Northern blot analysis. The samples were excised from the cortex directly beneath the site of trauma, adjacent to the site of trauma (beneath the intact cranium just posterior to the site of craniectomy), and as far from the site of trauma as possible (frontal polar cortex). Similar samples were obtained from the contralateral nontraumatized hemisphere. Total RNA was isolated and then reverse transcribed and amplified by PCR with the aid of a set of primers designed to amplify AQP4. Appropriate bands were scanned and quantified using computer densitometry. An AQP4 ratio was calculated for each site by dividing the value from the traumatized hemisphere by that obtained in the contralateral control hemisphere.
Total RNA was extracted from the various selections of brain tissue samples (50-100 mg) in 1 ml of Trizol (Life Technologies, Burlington, ON, Canada). After a series of centrifugations, total RNA was obtained and dissolved in RNase-free water. The concentration of total RNA was measured. Total RNA was then reverse transcribed into first-strand cDNA by using random primer oligonucleotides (Gibco-BRL, Gaithersburg, MD) and SuperScript II reverse transcriptase (Gibco-BRL) in a 20-l total volume. A sample of 3 g of the total RNA of AQP4 and 1 l of random primer oligonucleotides (0.09 U/l) were denatured by heating to 70˚C for 10 minutes, quickly chilled on ice, and subsequently reverse transcribed by incubation with 5 ϫ first-strand buffer (Gibco-BRL), 0.01 M dithiothreitol (Gibco-BRL), 1 mM deoxynucleoside triphosphates (Gibco-BRL), and 200 U of SuperScript II for 50 minutes at 42˚C. The reaction was inactivated by heating at 70˚C for 15 minutes.
The PCR was carried out in a 25-l tube containing 1.25 U Taq DNA polymerase (Life Technologies, Grand Island, NY), 20 M specific primer pairs for AQP4 (Nucleic Acid Protein Service Unit, Biotechnology Lab, University of British Columbia, Vancouver, BC, Canada), 200 M deoxynucleoside triphosphates, 1.5 mM MgCl 2 , and 2 l cDNA product as the template. The mixture was sequentially cycled for 25 cycles (95˚C for 30 seconds, 68˚C for 45 seconds, and 72˚C for 1 minute), starting at 95˚C for 5 minutes and finishing at 72˚C for 5 minutes. The specific primers for AQP4 were always added with ␤-actin primers (Nucleic Acid Protein Service Unit) in the same reaction tube. A 15-l aliquot of the PCR product was separated on a 1.5% agarose gel and stained with ethidium bromide (Sigma-Aldrich, Oakville, ON, Canada). A DNA 1-kb molecular-weight marker (Life Technologies) was used on all agarose gels. Appropriate bands were scanned and quantified using computer densitometry (Alpha Innotech Corp., San Leandro, CA). Aquaporin-4 mRNA levels were normalized to the expression of ␤-actin. Paired t-tests were used to compare the corresponding values in each group.
The sense and antisense for AQP4 were 5Ј-AAGGCGGTCACA-GCAGACTT-3Ј and 5Ј-CAGCGCCTATGATTGGTCCA-3Ј, respectively. These yielded a solitary 619-bp fragment. The sense and antisense for ␤-actin were 5Ј-GTCCCACCAGACAGCACTGTG-TTG-3Ј and 5Ј-GTCCCACCAGACAGCACTGTGTTG-3Ј, respectively. These pairs of primers yielded a 201-bp fragment.
In Situ Hybridization
Three sham-injured and six injured rats were chosen to undergo in situ hybridization studies at 24 hours after surgery/trauma. In situ hybridization procedures were based on the nonradioactive protocol for the detection of mRNA by using cryosections of the rat brain. These sections were fixed in 4% paraformaldehyde (Sigma-Aldrich) in 0.1 M PBS for 20 minutes. After washing with PBS, the sections were treated with 10 g/ml of proteinase K (Dako Diagnostics Canada, Inc., Mississauga, ON, Canada) in 50 mM Tris-HCl (SigmaAldrich) and 5 mM ethylenediamine tetraacetic acid (Sigma-Aldrich) at pH 8 for 30 seconds at room temperature. They were fixed again in the same solution, then acetylated with acetic anhydride in 0.1 M triethanolamine (Sigma-Aldrich), rinsed with PBS, dehydrated, and air dried. In situ hybridization was performed with a digoxigenin 3Ј-end labeled cDNA probe (Boehringer Mannheim, Mannheim, Germany) according to the method of Baumgart. 5 The AQP4 probe was prepared by PCR amplifications of cDNA obtained from collecting ducts in the kidney by using the primers listed earlier. Visualization of the in situ hybridization signal was performed with the aid of a light microscope (Axioskop-2; Zeiss, Oberkochen, Germany). Digital images were obtained using a monochrome chargecoupled device (Pentamax camera; Princeton Instruments, Inc., Trenton, NJ).
Measurement of Brain Edema
Cerebral edema was measured using the wet weight/dry weight method previously described. 26 The water content of brain tissue was measured as an indicator of brain edema. Following induction of a state of deep anesthesia, the left and right hemispheres were removed from the rats and samples of the frontal, parietal, and occipital lobes were obtained for the measurement of AQP4. The remaining brain tissue samples were placed in previously weighed glass tubes, which were then weighed to obtain the wet weight. After drying the samples in a desiccating oven at 80˚C for 48 hours, the tissues were weighed again. Water content was calculated as the difference between the wet and dry tissue. Water content was expressed as a percentage of brain tissue by using the following formula: ([wet weight Ϫ dry weight]/wet weight) ϫ 100. Paired t-tests were used to compare the corresponding values in each group.
Results
Aquaporin-4 mRNA Expression
The animals killed at 1 (nine rats) and 4 hours after trauma (nine rats) had no significant change in the AQP4 ratio comparing the traumatized and nontraumatized hemispheres. After 24 hours, there was a significantly increased mean AQP4 ratio of 1.15 Ϯ 0.05 (p Ͻ 0.01) at the site of trauma (Fig. 1) . Adjacent to the site of trauma, we noted a significantly decreased mean AQP4 ratio of 0.72 Ϯ 0.05 (p Ͻ 0.05). The increase in the AQP4 ratio at the site of trauma correlated (r 2 = 0.74) with the decrease in AQP4 in the adjacent cortex (Fig. 2) . At a site distant from the trauma (frontal polar cortex) there was no significant change in the mean AQP4 ratio of 0.91 Ϯ 0.11 (Fig. 1) . There was no significant difference in the expression of AQP4 in comparing the hemispheres of sham-injured rats at any of the sites (Fig. 1) .
In Situ Hybridization
An evenly distributed AQP4 mRNA hybridization signal occurred in both hemispheres of the sham-injured animals and in all contralateral (nontraumatized) hemispheres of the animals after focal trauma. In all animals killed 24 hours after focal trauma (six rats), an increase in the AQP4 mRNA hybridization signal was found at the site of trauma and a decrease in the signal appeared in the adjacent cortex. This qualitative finding is demonstrated in Fig. 3 .
Measurement of Brain Edema
The percentage of brain water content was significantly
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Discussion
Klatzo's classification 17 of brain swelling recognized two main types. Vasogenic edema involves a breakdown of the BBB and extravasation of blood plasma into the brain. 16, 17 This leads to an increased brain volume, raised intracranial pressure, increased extracellular space, and brain displacement. Cytotoxic edema is characterized by cellular swelling in the absence of any measurable breakdown of the BBB. 16, 17 Originally described following ischemia, cellular swelling can occur without ischemia and has been called neurotoxic. The major cell type found to be swollen is the astrocyte. In fact, astrocytic swelling is always a prominent occurrence in both gray and white matter in animal models of cerebral ischemia and trauma and in surgical specimens from patients with these same conditions, and coexists with vasogenic edema. 2 Recently, a volume-sensitive organic osmolyte/anion channel has been identified in human glial cells.
14 It mediates organic osmolyte efflux in response to cellular swelling. This channel requires intracellular adenosine triphosphate binding for its activation. It may be hypothesized that the astrocytes respond to extracellular environmental changes during ischemia by taking up various osmoles to provide a more ideal environment for neurons to survive. 14 Therefore, the glial cell seems to be the key element in brain water homeostasis and regulation.
The highly polarized AQP4 expression in glial cells suggests that these cells are equipped with specific membrane domains that are specialized for water transport, thus mediating the flow of water between glial cells and the cavities filled with cerebrospinal fluid and the intravascular space. 21, 23 Results of initial studies demonstrated that AQP4 was expressed only in glial cells and not in neurons. 10 Highresolution immunogold electron microscopy showed that AQP4 expression was restricted mainly to the astrocytic foot processes of glial membranes that were in direct contact with brain capillaries. 22 The regulation of AQP4 is believed to be important for water homeostasis in the brain, but the regulatory mechanisms for AQP4 are not known yet. 27, 30 In this study we showed that AQP4 is upregulated in the brain following traumatic injury. Results of both RT-PCR and in situ hybridization showed an increase in AQP4 within the swollen and hypertrophic astrocytes at the lesioned cortex. This upregulation may be responsible for the brain edema that follows this type of mechanical injury. Aquaporin-4 has also been shown to be upregulated in the brain following stroke 27 and water intoxication. 28 The information about the role of AQP4 in brain water homeostasis is sparse and not very clear. Extrapolating the data from its function in the kidney, it is most likely that it functions by transporting water from the extracellular space into the glial cell. This might help to protect the surrounding neurons from further osmotic stress.
In this study we also demonstrated an unexpected reduction in AQP4 expression adjacent to the site of injury. The increase in the AQP4 ratio in the lesioned cortex correlated (r 2 = 0.74) with the decrease in AQP4 in the adjacent cortex. This downregulation of AQP4 adjacent to the lesion site may serve as a protection against uncontrolled propagation of brain edema following trauma. Loss of this regulation may lead to the lethal brain edema we occasionally see following trauma in our patients. We are conducting experiments to elucidate which factor(s) are responsible for this downregulation of AQP4 expression. This downregulation may be directly mediated by an as yet unknown factor or could be mediated through an intermediary such as protein kinase C, which has been shown to downregulate AQP4 mRNA expression in rat astrocytes. 20 Downregulation of AQP4 could occur due to changes at the molecular level or due to alterations in the density or distribution of AQP4 in the plasma membrane.
10
Conclusions
Aquaporin-4 plays an important role in cerebral water balance. It has been implicated in the development of brain edema in a number of pathological states. Our results demonstrate that AQP4 is both upregulated at the site of cortical trauma and downregulated in adjacent regions. Further understanding of the function of AQP4 may provide insight into the lethal brain swelling that can accompany severe head injury. Control of AQP4 expression may lead to the development of new therapeutic agents for brain edema following stroke and trauma.
